Axon pruning is critical for the proper synapse elimination required for sculpting 25 precise neural circuits. Though axon pruning has been described in the literature for 26 decades, relatively little is known about the molecular and cellular mechanisms that govern 27 axon pruning in vivo. Here, we show that the epigenetic reader Kismet (Kis) binds to cis-28 regulatory elements of the steroid hormone receptor Ecdysone Receptor (EcR) gene in 29 Drosophila neurons. Kis is required to activate EcR transcription at these elements and 30 promote H3K36 di-and tri-methylation. We show that exogenous EcR can rescue axon 31 pruning and memory defects associated with loss of Kis, and that the histone deacetylase 32 inhibitor SAHA can rescue these phenotypes. EcR protein abundance is a cell-autonomous, 33 rate-limiting step required to initiate axon pruning in Drosophila, and our data suggests 34 that this step is under epigenetic control. 35
Introduction 47
The elimination and refinement of synaptic connections is an integral part of normal 48 development in vertebrates and invertebrates alike. Early in the developing nervous system 49 periods of progressive growth result in an overelaboration of synaptic connections onto a 50 target. Inappropriate synapses then need to be eliminated to establish functional 51 organization of the neuronal circuitry 1 . The pruning of these exuberant connections can 52 occur on a small scale, as with dendritic remodeling, or on a large scale such as with axon 53 retraction and degeneration, with each type occurring through distinct molecular 54 mechanisms 2 . Precise control of axon pruning is critical for proper nervous system 55 function, as defects in pruning have been well documented to lead to developmental brain 56 and psychiatric disorders 1 . Despite its vital role, relatively little is known about the 57 mechanisms that govern axon pruning in vivo. What is well known about this process is 58 that it requires tight regulation of gene expression in order to execute the necessary 59 signaling pathways in a temporal and tissue specific manner 3, 4 . Epigenetic regulation is 60 key to orchestrating precise gene expression programs for many tightly controlled 61 processes in the body. However, its involvement in axon pruning is still unclear. 62
Holometabolous insects provide an attractive model for studying axon pruning as their 63 nervous system undergoes extensive reorganization during metamorphosis 5, 6 . In 64
Drosophila melanogaster the larval neuronal circuitry is eliminated to make way for adult 65 specific circuitry that governs adult behavior. The most notable changes occur in the 66 learning and memory processing center of the fly brain known as the mushroom bodies 67 (MBs) [7] [8] [9] [10] . MB neurons undergo a selective, stereotypical pruning during metamorphosis, 68 which is initiated by the steroid hormone 20-hydroxyecdysone (ecdysone) 3, 11, 12 . Ecdysone 69 binds to the Ecdysone Receptor (EcR), and translocates to the nucleus to initiate 70 transcription of a subset of regulatory target genes required for axon pruning. MB neurons 71 that undergo remodeling express a particular isoform of the EcR, EcR-B1, which has been 72 shown to be a rate-limiting and cell-autonomous step required for developmental axon 73 pruning 11 . 74
Our lab previously identified the chromodomain protein Kismet (Kis) as necessary for 75
proper developmental axon pruning in the Drosophila MB neurons 13 .
Kis is the 76
Drosophila ortholog of the mammalian chromatin ATPase CHD7, a chromatin "reader" 77 that is thought to play a role in chromatin remodeling by binding to methylated histone 78 tails 14 . In humans, heterozygous mutations in CHD7 cause CHARGE syndrome 15 , an 79 autosomal dominant neurodevelopmental disorder. 80
Here, we investigated the role of Kis in the developmental axon pruning of the 81 Drosophila MB neurons. We determined that the loss of Kis in the MBs results in pruning 82 defects during metamorphosis, which persist into adulthood and are due to a decrease in 83 transcription of EcR-B1. We show that endogenous Kis is enriched at cis-regulatory 84 enhancer sites as well as the transcriptional start site (TSS) 
Kismet is required for MB pruning 99
To characterize the pruning defects previously observed in kis mutant MB neurons, 100
we utilized the mosaic analysis with a repressible cell marker (MARCM) system to 101 generate homozygous mutant neuroblast clones tagged with a membrane bound GFP using 102 the 201Y-Gal-4 driver 13, [16] [17] [18] . We measured dorsal, medial, and total surface area of the 103 MB lobes in pupal brains 18-22 hours after puparium formation (APF). At this timepoint, 104 the MB lobes are mostly pruned away in control animals (Fig. 1A, 1E ). In the null mutant 105 kis LM27 , MB clones had significantly larger medial and total lobe surface areas compared 106 to control MB clones (Figs. 1A, 1B, 1E ). MB clones expressing the wild-type Kis-L protein 107 in the kis LM27 mutant background showed a significant reduction of the medial and total 108 lobe areas back to control levels (Figs. 1D, 1E) . Overexpression of Kis-L alone did not 109 have an effect on lobe surface area (Figs. 1C, 1E ). In addition to MARCM analysis, we 110 utilized RNA interference (RNAi) mediated knockdown of Kis with two separate 111 previously validated RNAi constructs to verify the pruning defects 13 . Pan-neural 112 knockdown of Kis using the elav-Gal-4 driver showed a significant increase in the medial 113 and total lobe areas compared to outcross controls (Supplemental Figure 1) . Similar to the 114 MARCM analysis, pan-neural expression of Kis-L in the knockdown genetic backgrounds 115 was able to significantly rescue the medial and total surface area levels (Supplemental 116 Figure 1 (Figs. 1F-1K, Fig. 1R ). In support of this, mRNA levels of EcR-B1 were 126 significantly reduced in pupae with decreased Kis as well (Fig. 1S) EcR TSS (Fig. 2A) 
19
. We utilized a Kis-eGFP protein trap animal previously described to 137 express a eGFP tagged version of the Kis protein 20 21 . Importantly, this animal shows 138 normal localization and function of Kis, and we have shown that our RNAi reagents can 139 successfully knockdown the eGFP tagged Kis protein and kis mRNA (Supplemental Figure  140 2) 20 . We utilized the forkhead (fkh) TSS as a positive control, as it was previously reported 141 to be bound by endogenous Kis 22 . Additionally, we used the dynamin homolog shibire 142 (shi) as a negative control, as we had previously shown via microarray analysis that loss of 143
Kis did not have any significant effect on shi expression 20 . We verified that Kis was not 144 enriched at the shi promoter region ( Fig. 2A) , and that knockdown of Kis did not have any 145 significant effect on Kis abundance at the shi promoter ( Fig. 2A) the EcR locus to allow access to the transcriptional machinery. To test this possibility, we 169 immunoprecipitated total histone 3 (H3) protein at the EcR locus in control and Kis 170 knockdown brains. However, we found no significant difference between these conditions 171 at each of the cis-regulatory loci we analyzed (Fig. 2B) . To verify this, we performed an 172
MNase protection assay. Consistent with our total H3 analysis, we saw no change in the 173 digestion of chromatin upon Kis knockdown (Supplemental Figure 3) . Taken together, 174 these data suggest that Kis is not affecting the movement of nucleosomes as a mechanism 175 to promote transcription at the EcR locus. 176
Another way chromatin readers can affect gene expression is by altering the histone 177 modifications present at relevant genomic loci 25 , and Kis has been shown to affect histone 178 modifications previously 22 . We began by analyzing H3K4 methylation states at EcR loci 179 in control and Kis knockdown animals, as it is the type of methylation most commonly 180 associated with actively transcribed genes. ChIP-qPCR analysis showed no change in all 181 types of H3K4 methylation levels upon Kis knockdown at these loci (Supplemental Figs. 182 4A-C). We next analyzed H3K27 trimethylation, as this modification is often associated 183 with gene repression. We did not observe any significant change in H3K27 trimethylation 184 upon Kis knockdown at any of the loci examined (Supplemental Fig. 4D ). Taken together, 185 these data suggest that alteration of H3K4 methylation or H3K27 trimethylation is not part 186 of the mechanism by which Kis controls EcR transcription. 187
Previous studies demonstrated a global decrease in H3K36 di-and tri-methylation 188 upon Kis loss in Drosophila salivary gland polytene chromosomes 26 . In Drosophila, this 189 type of modification is usually associated with actively transcribed genes [26] [27] [28] . We 190 therefore sought to determine if the same effect on H3K36 methylation was present in the 191
Drosophila nervous system upon pan-neural knockdown of Kis protein. We observed that 192
H3K36me2 was significantly decreased at all the EcR cis-regulatory sites, as well as at the 193 fkh positive control, in Kis knockdown brains compared to controls (Fig. 2H) . Additionally, 194 H3K36me3 was also significantly decreased at the EcR and fkh TSS ( 
EcR-B1 rescues axon pruning defects 203
EcR-B1 is well documented to be a key player in initiating the axon pruning 204 cascade in MB neurons 4, 11 . Given that we have shown Kis acts to promote transcription of 205
EcR-B1 in MB neurons, we sought to determine if we could rescue the pruning defects we 206 observe is Kis mutants by expression of exogenous EcR-B1. Utilizing the MARCM 207 system, we expressed exogenous EcR-B1 protein within kis LM27 mutant MB clones (Fig.  208 3). We observed that exogenous expression of EcR-B1 significantly reduced the abnormal 209 pruning observed in kis LM27 mutant MB clones (Figs. 3B, 3D, 3E) . We also observed a 210 significant reduction in pruning defects when exogenous EcR-B1 was pan-neurally co-211 expressed with Kis RNAi constructs (Supplemental Fig. 5) 
EcR-B1 rescues memory defects 241
Previous studies from our lab showed that reduction of Kis levels in MB neurons 242 produced significant defects in immediate recall memory 13 . Since loss of Kis leads to 243 pruning defects that persist into adulthood, and exogenous EcR-B1 expression is able to 244 rescue the defects, we were interested in determining if exogenous expression of EcR-B1 245 could also rescue the memory defect associated with loss of Kis function as well. We 246 utilized the conditioned courtship suppression assay which takes advantage of the innate 247 courting behaviors carried out by male Drosophila in response to multimodal signals 248 transduced by females [31] [32] [33] . Wild-type males will decrease their rate of courting during 249 training when exposed to an unresponsive female, and continue to court at lower rates even 250 with subsequent receptive females for an average of 1-3 hours after exposure [31] [32] [33] . We 251 utilized RNAi to knockdown Kis in MB neurons using the OK107-Gal4 driver. 252 Importantly, expression of the Gal4 alone, or Gal4-mediated expression of exogenous EcR-253 B1 did not produce any learning (Fig. 4A) or memory (Fig. 4B) defects. We observed that 254 males with decreased Kis protein displayed intact learning, as evident by the significant 255 decrease in courtship from the initial to final stages of exposure to an unresponsive female 256 (Fig. 4C) . Similarly, males with both decreased Kis and exogenously expressed EcR-B1 257 also had intact learning (Fig. 4C) . However, males with decreased Kis showed abnormal 258 memory (Fig. 4D ), as these males had rates of courtship that were not significantly different 259 than sham males, which did not receive exposure to an unreceptive female. In contrast, 260 males with both decreased Kis and exogenously expressed EcR-B1 showed significantly 261 reduced courtship in trained males compared to sham males, indicative of intact immediate 262 recall memory (Fig. 4D) . Taken together, these data suggest that the memory defects 263 associated with loss of Kis in the MB neurons are due to decreased EcR-B1 levels. 264
265

SAHA rescues Kis defects 266
Recently, our lab showed that pharmacological inhibition of HDACs can rescue 267 multiple defects associated with loss of Kis at the neuromuscular junction 34 . HDAC 268 inhibition (HDACi) did not significantly affect kis mRNA levels 34 , so we hypothesized 269 that rescue may be due to effect on target genes. To further examine this hypothesis, we 270 tested whether HDACi treatment could rescue the decreased EcR-B1 levels, pruning, and 271 memory defects observed in Kis knockdown. We observed that treatment of Kis 272 knockdown animals with SAHA significantly increased EcR-B1 mRNA levels compared 273 to dimethyl sulfoxide (DMSO) treated controls (Fig. 5S ). SAHA treatment alone had no 274 significant impact on axon pruning in either pupal or adult MBs (Figs. 5E, 5R ). However, 275 we observed that SAHA treatment significantly decreased the number of unpruned axons 276 in both pupal and adult brains in Kis loss-of-function MB neurons (Figs. 5E, 5R) . Finally, 277 SAHA treatment itself did not have an adverse effect on learning or memory in controls 278 (Figs. 6A-6B ) and was able to significantly rescue the immediate recall defect in Kis 279 knockdown animals compared to DMSO treatment alone (Figs. 6C-6D from the VDRC and were previously described 13 . The kis LM27 allele was generated by EMS 510 mutagenesis, as previously described 42 . UAS:Kis-L, Kis-eGFP, 201Y-Gal-4 MARCM 511 stocks were gifts from J. Tamkun, A. Spralding, and L. Luo, respectively 20, 21 . MARCM 512 mosaic analysis clones were generated as previously described 16, 43 . The EcR 513 transcriptional reporter (EcR.1-Gal-4) was obtained as described 23, 24 . 514
Pharmacological treatment media was prepared as described 34 . Treated fly media 515 was made using dried instant food (Nutri-Fly Instant, Genesee Scientific) with water 516 containing 1.6% of 10% w/v tegosept (methyl p-hydroxybenzoate in 95% ethanol) and 517 0.1% of DMSO vehicle or 10µM SAHA. Drosophila were raised on drug containing food 518 for their entire lifespan. Sheared DNA was confirmed to be within a target range of 100-600 bp fragments. 562
Chromatin was immunoprecipitated using Magna ChIP TM HiSens kit (Millipore). 563
Antibodies against modifications H3K27me3 (rabbit, ab195477), H3K4me1 (rabbit, 564 ab8895), H3K4me2 (rabbit, ab7766), H3K4me3 (rabbit, ab8580), H3K36me2 (rabbit, 565 ab9049), H3K36me3 (rabbit, ab9050) were used and compared to Histone H3 antibody 566 (rabbit, ab1791). To examine Kismet abundance, α-GFP (rabbit, ab290) was used and α-567 IgG (rabbit, ab171870) was used as a background control. After elution, samples were 568 incubated with RNaseA (10mg/mL, ThermoScientific) at 37 °C for 30 minutes followed 569 by an incubation with proteinase K (10mg/mL, Millipore) at 57 °C overnight and then 570 inactivate at 75 °C for 15 minutes the next day. Isolated DNA was purified via QIAquick® 571 PCR Purification Kit (Qiagen) and stored at -20 °C. 572 573
MNase Protection Assay 574
Brains from third instar larvae were dissected in ice-cold phosphate buffer, 575 transferred to 1X PBS, and stored at -80 °C. An MNase protection assay was performed 576 using an adapted protocol from 44, 45 . Tissue was homogenized in 500µL of crosslinking 577 buffer (60mM KCl, 15mM NaCl, 4mM MgCl2,15mM HEPES pH 7.6, 0.5mM DTT, 0.5% 578 Triton X-100, protease inhibitor (100X), 2% formaldehyde) and incubated at room 579 temperature for 15 minutes. Crosslinking was quenched with 50µL of 2.5M of glycine and 580 incubated at room temperature for 5 minutes. Samples were washed twice in crosslinking 581 buffer and twice in D1 buffer (25% glycerol, 5mM Mg Acetate, 50mM Tris pH 8.0, 0.1mM 582 EDTA, 5mM DTT) and resuspended in 1mL of MNase buffer (60mM KCl, 15mM NaCl, 583 15mM Tris pH 7.4, 0.5mM DTT, 0.25M sucrose, 1.0mM CaCl2). 10units MNase (70196Y, 584 Affymetrix) was added to sample tubes and incubated at 37 °C for 30 minutes. Reaction 585 was quenched with EDTA (final 12.5mM) and SDS (final 0.5%). Samples were 586 equilibrated with NaCl (final 140mM) and incubated with RNaseA (10mg/mL) at 37 °C 587 and then overnight with proteinase K (10mg/mL) at 65 °C and then 15 minutes at 75 °C 588 the next day. DNA was purified via QIAquick PCR Purification Kit and stored at -20 °C. 589
Q-PCR 591
Purified DNA was used to prep PCR reaction mixes according to DyNAmo Flash 592 SYBR Green qPCR Kit (ThermoFisher Scientific). Samples were run using Bio-Rad 593 C1000 Thermal Cycler CFX96 Real-Time system. Primers were made to the TSS of EcR-594 B1, a 16kb upstream enhancer of EcR-B1 (EcR.1), and a 7.4kb upstream enhancer of EcR-595 B1 (EcR.2) (IDT). Additionally, positive and negative control primers were made to the 596 TSS of fkh and the shi promoter site, respectively (IDT). For control and RNAi knockdown 597 analysis values were adjusted for input at each primer set and ΔΔC(t) values were 598 calculated by subtracting the adjusted ΔC(t) value of each primer set from the 599 corresponding ΔC(t) IgG control. Fold change in expression was calculated from ΔΔC(t) 600 values. Each experiment was performed in triplicate with at least three biological 601
replicates. 602
603
Behavioral testing 604
To evaluate learning and memory, the canonical fly courtship behavior was used as 605 a readout in an associative conditioning assay described by Siegel and Hall 32 . Virgin male 606 flies (0 to 6 hours following eclosion) were collected in individual food vials and aged 5 607 days. Similarly, virgin female wild-type flies were collected, transferred to collective food 608 vials, and aged 5 days. 24 hours before assessment, virgin wild-type females were mated 609 individually using wild-type males. These flies were subsequently separated from virgin 610 females. This behavioral test was executed in a separate room kept at 25°C and 50% 611
humidity, recorded using a Sony DCR-SR47 Handycam with Carl Zeiss optics, and 612 illuminated from below using a constant 115V white light transilluminator. Genotypes of 613 each male were blinded on the day of the assay and all fly transfers were performed without 614 anesthesia. Aged male flies were transferred to mating chambers (Aktogen) each 615 containing a portioned-off mated female fly. Flies were allowed to acclimate for 2 minutes 616 before the assay. Training was recorded and commenced for 60 minutes. After, the male 617 fly was transferred to a clean mating chamber containing a portioned-off virgin female fly. 618
After an additional 2-minute acclimation period, the divider was removed, and immediate 619 recall was recorded for 10 minutes. Shams experienced the same manipulations however 620 these aged males were not exposed to any fly during the training portion. Digital video 621 analysis of the time spent courting was performed using iMovie software (Apple). 622
Courtship indices were calculated by total time observed performing courtship behaviors 623 divided by total time assayed. 624 625
Statistical analysis 626
All statistical analyses were performed using GraphPad Prism (v. 7.03). 627
Significance was determined at the 95% confidence interval. Unpaired student's t-test was 628 used for all experiments, except pupal pruning analysis (utilized one-way ANOVA test) 629 and the learning portion of the associative conditioning assay (utilized paired student's t-630 test). Statistical significance in figures is represented by * = p < 0.05, ** = p < 0.001, *** 631 = p < 0.0001. Error bars represent the standard error of the mean (SEM). 632 633 634 635 636
